The products of the UL16 and UL21 genes represent tegument proteins which are conserved throughout the mammalian herpesviruses. To identify and functionally characterize the respective proteins in the alphaherpesvirus pseudorabies virus, monospecific antisera against bacterially expressed fusion proteins were generated. In immunoblots the UL16 antiserum detected a ca. 40-kDa protein in infected cells and purified virion preparations, whereas the anti-UL21 serum recognized a protein of approximately 60 kDa. Interestingly, in immunoprecipitations using either antiserum, both proteins were coprecipitated, demonstrating the formation of a physical complex. To investigate protein function, viruses lacking either UL16, UL21, or both were constructed. Mutant viruses could be propagated on noncomplementing cells, indicating that these proteins, either alone or in combination, are not required for viral replication in cell culture. However, plaque sizes and viral titers were reduced. Electron microscopy showed only slight alterations in cytoplasmic virion morphogenesis, whereas intranuclear maturation stages were not affected. Similar results were obtained with a triple mutant simultaneously lacking the three conserved tegument proteins UL11, UL16, and UL21. In summary, our results uncover a novel interaction between conserved herpesvirus tegument proteins that increases the complexity of the intricate network of protein-protein interactions involved in herpesvirus morphogenesis.
fusion of the vesicle membrane with the plasma membrane (reviewed in reference 43) . Although a rough outline of the process of virion formation has thus been obtained, the detailed interactions, as well as the roles several other conserved and nonconserved tegument proteins play, remain unclear.
We were interested in analyzing the roles of the UL16 and UL21 proteins. Both represent virion components which are conserved throughout the herpesvirus subfamilies (see e.g., references 1, 11, 14, 16, 27, 40, and 56) . The UL16 open reading frame is located in a conserved gene cluster within the intron of the spliced UL15 gene adjacent to the conserved UL17 open reading frame in all mammalian and avian herpesviruses studied so far. The only exception is infectious laryngotracheitis virus, which lacks a UL16 open reading frame at the corresponding location (17) . Amino acid comparisons of members of the UL16 family revealed a possible zinc-binding motif in the conserved C terminus and a putative nuclear localization signal in the N terminus (58) . The HSV-1 UL16 protein has been identified as a virion component that is dispensable for viral replication in cell culture (3, 45) . A role in capsid assembly and/or maturation had been suggested, because the protein was found in the nucleus early in infection partly colocalizing with assemblons, i.e., nuclear areas containing high concentrations of capsid proteins. However, it was also detectable in the cytoplasm (45) . In contrast, the UL16 protein of HSV-2 was not detectable in purified virions, whereas weak binding to C-type capsids and DNA suggested a possible role in genome packaging (48) . The UL16 homolog of HCMV, the UL94 protein, is a structural component of the capsid or tegument which was detected in the nuclear fraction of infected-cell lysates (58) . Interestingly, the HSV-1 UL16 protein has recently been identified as a binding partner of UL11 (37) , and it has been speculated, based on the evidence that UL16 associates with nucleocapsids and that UL11 binds to cytoplasmic membranes in the trans-Golgi network (5, 36) , that interaction between these two proteins may target cytoplasmic nucleocapsids to the site of secondary envelopment (37) .
Although the molecular interactions during PrV virion morphogenesis are under intense study (reviewed in reference 43), the PrV UL16 protein had not been identified and functionally analyzed yet. As deduced from the genomic sequence (27) , the gene product is composed of 328 amino acids (aa) and has a calculated molecular mass of 34.8 kDa. Computer predictions indicate a putative N-glycosylation signal at aa 211 and a putative nuclear localization signal between aa 261 and 267 (PSORT II; http://psort.nibb.ac.jp) (23) .
In contrast to the UL16 product, the PrV UL21 protein has already been studied in some detail. It has been described as a 61-kDa capsid-associated protein which is involved in capsid maturation (15, 57) . A UL21 mutant generated by linker insertion mutagenesis with stop codons inserted after codon 291 of the UL21 open reading frame showed a 10-fold reduction in virus titer but produced wild-type-size plaques, while a mutant truncated after codon 4 replicated only poorly and formed small plaques in cultured cells. Moreover, the cleavage of concatemeric DNA was impaired (15) . Electron microscopy showed that UL21-negative virions produced on porcine SK-6 cells or lung alveolar macrophages contained little or no DNA. In contrast, on nasal mucosa explants this defect was not observed, which could indicate that UL21 is involved in packaging of newly replicated DNA in a cell type-specific manner (57) .
Previously, we isolated a mutant (PrV-UL21␤) in which the UL21 gene had been interrupted by insertion of a lacZ gene expression cassette (26) . This mutant replicated to only slightly decreased titers on Vero cells but produced smaller plaques than wild-type virus. In PrV strain Bartha, which is widely used as a live-attenuated vaccine for control of Aujeszky's disease in pigs (42) , point mutations within the UL21 gene were found to contribute to loss of virulence. Moreover, pigs infected with PrV-UL21␤ showed no symptoms after intranasal infection, while wild-type-infected controls died within 8 days (26), indicating that UL21 plays an important role in viral replication in the host animal. In infected cells as well as in purified virions, the HSV-1 UL21 gene product was detected as a 62-to 64-kDa protein (2), a size which matches that of the homologous PrV protein. However, deletion of UL21 from the HSV-1 genome had no effect on DNA cleavage, and replication in cell culture was only marginally affected, with three-to fivefold-reduced titers in human embryonic lung cells (2) . Immunofluorescence studies localized the UL21 protein mainly in the cytoplasm in brightly staining granules (2), a finding that argues against a role in the nuclear phase of viral replication. Recently, the HSV-1 UL21 protein has been shown to promote the outgrowth of long cellular processes when overexpressed in nonneuronal cells by interaction with microtubules. This finding could suggest a role for UL21 in intracellular virus transport (54) .
To further elucidate the PrV assembly process, we isolated mutant viruses lacking UL16, UL21, or both and analyzed them in cell culture. Moreover, since the HSV-1 UL16 protein binds the membrane-associated UL11 protein (37), we also constructed and analyzed a triple mutant simultaneously lacking the UL11, UL16, and UL21 proteins.
MATERIALS AND METHODS
Viruses and cells. All PrV mutants were derived from the laboratory strain Kaplan (PrV-Ka) (24) . Viruses were grown in rabbit kidney (RK13) or porcine kidney (PSEK) cells in Eagle's minimum essential medium supplemented with 10 or 5% fetal calf serum, respectively. Mutant PrV-⌬UL28 (332-31) was propagated on complementing African green monkey (Vero) cells as described elsewhere (44) . Cloning of PrV as a bacterial artificial chromosome (BAC) has been described elsewhere (33) . For generation of UL16-or UL21-expressing cells, the open reading frames were cloned into the eukaryotic expression vector pcDNA3 (Invitrogen, Karlsruhe, Germany). For constitutive expression of UL16, the 16,099-bb BamHI fragment 3 cloned into pUC19 (pUC19-Bam3) was first digested with Tth111I and KpnI and then religated after blunt ending. The insert of this plasmid was then further shortened to 1.1 kb by double digestion with BamHI and NcoI, resulting in plasmid pUC-UL16. The KpnI site was provided by the vector, whereas BamHI, NcoI, and Tth111I sites were located in the viral DNA insert (see Fig. 1) . The UL16 open reading frame was excised by BamHI and EcoRI cleavage using the flanking vector-specific restriction sites and was cloned into appropriately digested vector pcDNA3, giving rise to plasmid pcDNA-UL16. The complete UL21 open reading frame was excised from plasmid pGEX1-UL21 (see below) by cleavage with EcoRI and XhoI and was inserted into pcDNA3, yielding plasmid pcDNA-UL21. Cell lines constitutively expressing UL16 or UL21 were selected after transfection of RK13 cells using the Superfect transfection reagent (QIAGEN, Hilden, Germany) with the corresponding plasmids followed by selection with 500 g of G418 (Invitrogen) per ml. G418-resistant cell clones were assayed by immunofluorescence with the monospecific anti-UL16 and anti-UL21 sera (see below). One positive cell clone each, designated RK13-UL16 and RK13-UL21, respectively, was used for further studies. Correct expression was also verified by Western blot analysis (data not shown).
Preparation of monospecific antisera. For generation of a UL16-specific antiserum, the complete UL16 open reading frame was cloned into the prokaryotic expression vector pGEX-4T-1. To this end, pUC-UL16 (see above) was cleaved by using flanking vector-specific BamHI and EcoRI sites, and the excised fragment was cloned into appropriately cleaved pGEX-4T-1 (Amersham Biosciences, Freiburg, Germany). Correct in-frame cloning was verified by sequencing using plasmid-specific primers (pGEX-5Ј; Amersham Biosciences). After induction with isopropyl-␤-D-thiogalactopyranoside (IPTG), the resulting 66-kDa glutathione S-transferase (GST)-UL16 fusion protein was purified by gel electrophoresis and used for immunization of a rabbit as described earlier (28) .
For generation of a UL21-specific antiserum, plasmid pBS-B4-B/S3.8, containing the cloned BamHI/SalI subfragment of BamHI fragment 4 (32), was digested with NcoI and MseI, releasing a fragment corresponding to nucleotides 64488 to 66062 of the complete PrV sequence (GenBank accession no. BK001744) (27) . This fragment, which contained the entire UL21 open reading frame, was cloned into the SmaI-cleaved expression vector pGEX-4T-1 after Klenow fill in of the noncompatible ends. The 81-kDa GST-UL21 fusion protein was purified and used for immunization of a rabbit.
The generation of a PrV UL17-specific serum will be described elsewhere (B. G. Klupp et al., unpublished data) .
Isolation of PrV-⌬UL16F, PrV-⌬UL21F, PrV-⌬UL16F/11G, PrV-⌬UL16F/ 21K, and PrV-⌬UL16F/21K/11G. Virus mutants and marker genes are described in Table 1 . For deletion of a major part of the UL16 open reading frame, plasmid pUC-UL16 (see above) was digested with DraIII (see Fig. 1 ), thereby deleting 648 bp corresponding to UL16 codons 68 to 282. They were then replaced with a 1,256-bp BstBI fragment carrying a kanamycin resistance gene flanked by Flp recombinase recognition target (FRT) sites derived from plasmid pKD13 (12) , giving rise to plasmid pUC-⌬UL16kanF. The 1.7-kb insert of this plasmid was amplified by PCR using vector-specific primers M13 and M13 reverse (New England Biolabs, Frankfurt, Germany) and Pfx DNA polymerase (Invitrogen). The PCR product was excised after gel electrophoresis and used for mutagenesis of the BAC clone pPrV-⌬gB (33) by utilizing the Red recombinase of bacteriophage (13) . After subsequent deletion of the kanamycin resistance gene by Flp recombinase (12) and cotransfection by calcium phosphate coprecipitation (20) FIG. 1. Construction of virus mutants. Schematic map of the PrV genome shows the unique long (U L ) and unique short (U S ) regions, the inverted repeat regions (IR, TR), and the positions of BamHI restriction fragments. Black bars labeled I and II indicate locations of the relevant genomic regions. (I) Enlargement of the PrV UL15-UL17-UL16 gene region (27) . The UL17 and UL16 genes are located within the intron of the spliced UL15 gene (dotted line), which is flanked by exons I (exI) and II (exII) of the UL15 gene. UL17 and UL16 are transcribed into 3Ј-coterminal mRNAs which share a common polyadenylation signal (arrow pointing up). Relevant restriction sites are indicated. (II) Enlargement of the UL20-UL21 gene region (32) . The left part of BamHI fragment 4 is shown. The UL21 open reading frame is located adjacent to an origin of replication (ori L) and is transcribed antiparallel to the UL20 gene. Pointed rectangles show locations of the respective open reading frames and also indicate transcriptional orientation. Relevant restriction site are given, and the location of the UL21 polyadenylation signal is indicated by an arrow pointing up.
with plasmid pUC-BclI (33), which contains the authentic gB gene of PrV-Ka and restores gB expression, PrV-⌬UL16F could be isolated on RK13 cells.
For generation of PrV-⌬UL21F, the complete UL21 open reading frame was deleted from pBS-B4-B/S3.8 by digestion with NcoI and HpaI (see Fig. 1 ). Instead, a 1,256-bp BstBI fragment containing the kanamycin resistance gene was initially inserted to facilitate selection but was deleted thereafter by the same procedure described for generation of PrV-⌬UL16F (see above).
Mutant PrV-⌬UL16F/21K was isolated based on the BAC clone pPrV-⌬UL16F. The UL21 open reading frame was removed by using the same restriction sites as for generation of PrV-⌬UL21F but was replaced with a kanamycin resistance gene without flanking FRT sites, since insertion of a second FRT site might result in loss of sequences located between the two sites. Thus, this mutant stably carries the kanamycin resistance gene in its genome. The double mutant PrV-⌬UL16F/11G was isolated after cotransfection into RK13-UL16 cells of PrV-⌬UL16F DNA with plasmid pUC-⌬UL11gfp, which contains a green fluorescent protein (GFP) expression cassette within the UL11 gene (B. G. Klupp et al., unpublished data). Green fluorescent plaques were picked and purified to homogeneity. PrV-⌬UL16F/21K/11G was isolated after cotransfection of genomic PrV-⌬UL16F/21K DNA with pUC-⌬UL11gfp and repeated purification of green fluorescent plaques. Correct recombination was verified by Southern blotting using standard procedures (data not shown).
Indirect immunofluorescence and confocal laser scanning microscopy. RK13 cells grown on coverslips were infected with PrV-Ka or transfected with expression plasmids for UL16 or UL21 for approximately 18 h. They were then fixed for 20 min with 3% paraformaldehyde, followed by a 10-min incubation with 3% paraformaldehyde plus 0.3% Triton X-100. Subsequently, cells were incubated for 1 h at room temperature with antisera against the UL16 or UL21 proteins followed by Alexa 488-conjugated secondary antibodies (Molecular Probes, Leiden, The Netherlands). Coverslips were washed repeatedly with phosphatebuffered saline (PBS) after each step, and fluorescence was preserved with a 9:1 mixture of glycerol and PBS containing 2.5 mg of 1,4-diazabicyclooctane per ml and 1 g of propidium iodide per ml for chromatin counterstaining. The slides were analyzed with a confocal laser scanning microscope (LSM510; Zeiss, Göt-tingen, Germany).
Virus purification and immunoblotting. Virus purification and preparation of infected-cell lysates were performed as described elsewhere (33) . Parallel blots were incubated with monospecific antisera against the UL16 (1:50,000) (this study), UL21 (1:20,000) (this study), UL11 (1:10,000) (33), UL17 (1:10,000) (unpublished data), UL19 (major capsid protein; 1:1,000,000) (28), UL37 (1: 50,000) (30), gH (1:50,000) (25) , and UL49 (1:50,000) (9) proteins. Bound antibody was visualized after incubation with horseradish peroxidase-conjugated secondary antibodies by enhanced chemiluminescence (Supersignal; Pierce, Bonn, Germany) recorded on X-ray film.
In vitro radiolabeling. For metabolic labeling, PSEK cells were infected at a multiplicity of infection (MOI) of 10 with either PrV-Ka or the respective mutant in a medium containing [ 35 S]methionine-cysteine (Tran 35 S-label; ICN, Eschwege, Germany). Radioimmunoprecipitations were performed as described elsewhere (28, 31, 38) and were analyzed after electrophoretic separation on sodium dodecyl sulfate (SDS)-10% polyacrylamide gels (35) in a phosphorimager (FLA-3000; Raytest, Straubenhardt, Germany). Electron microscopy. For ultrathin sectioning, RK13, RK13-UL16, or RK13-UL21 cells were infected at an MOI of 1 and were fixed 14 h postinfection (p.i.). Fixation, dehydration, and embedding for electron microscopy were performed as described previously (21, 22) . Sections were examined with an electron microscope (Tecnai 12; Philips, Eindhoven, The Netherlands).
RESULTS
Identification of the PrV UL16 gene product. For identification of the PrV UL16 protein, the complete open reading frame was cloned into the prokaryotic expression vector pGEX-4T-1, expressed as a GST fusion protein in Escherichia coli, and used for immunization of a rabbit. Serum obtained after the fifth immunization was used throughout this study. In Western blot analyses on infected-cell lysates, the antiserum specifically detected a prominent 40-kDa protein ( Fig. 2A) , which was absent in mock-infected cell lysates and in cell lysates infected with the UL16 deletion mutant PrV-⌬UL16F, PrV-⌬UL16F/11G, PrV-⌬UL16F/21K, or PrV-⌬UL16F/21K/ 11G (Fig. 2A) . The smaller proteins of 32 and 30 kDa labeled by the antiserum in infected-cell lysates may represent degradation products which are not present in purified virion preparations (Fig. 2B) . We found no evidence for expression of the N-terminal 67 aa of the UL16 protein, whose coding region was retained in the UL16 deletion mutants. The size of the detected protein is in good correlation with the predicted molecular mass of 35 kDa (27) . Probable dimerization as described for the homologous HCMV UL94 protein (58) was not obvious either in cell lysates ( Fig. 2A ) or in purified virion preparations (Fig. 2B) . Although a possible N-glycosylation consensus site is present at aa 210 to 212 of the UL16 open reading frame, N-glycosidase F treatment did not result in a decrease in the apparent size of the UL16 protein (data not shown), indicating that it is not N-glycosylated. However, the UL16 protein may be phosphorylated, since computer analysis (www.cbs.dtu.dk/services/NetPhos) (7) predicted eight possible phosphorylation sites. As a control, parallel blots were probed with sera against the UL21 (see below), UL11, UL17, UL19, UL37, gH, and UL49 proteins (Fig. 2) . Subcellular localization of the PrV UL16 protein.
To analyze the subcellular localization of PrV UL16, confocal laser scanning microscopy was performed on PrV-Ka-infected and transiently transfected RK13 cells. As shown in Fig. 3 , UL16 specific fluorescence was detected mainly in the cytoplasm of infected cells, and only weak nuclear staining was observed. In cells transiently transfected with pcDNA-UL16, specific staining was found exclusively in the cytoplasm (Fig. 3) . Adjacent noninfected or nontransfected cells, which served as internal controls, exhibited no specific staining.
In vitro growth properties of PrV-⌬UL16. Since PrV-⌬UL16F could be propagated on noncomplementing cells, UL16 is not essential for PrV replication in cultured cells. To monitor for possible replication deficiencies, RK13 or RK13-UL16 cells were infected with PrV-Ka or PrV-⌬UL16F at an MOI of 10 and were harvested at the indicated time points (Fig. 4A) . When propagated on noncomplementing RK13 cells, PrV-⌬UL16F showed a decrease in viral titers at all time points tested (Fig. 4A, left panel) that resulted in ca. 10-foldreduced final titers. This defect was fully compensated for on RK13-UL16 cells (Fig. 4A, right panel) . In contrast to viral titers, plaque size was more drastically affected (Fig. 4B) . The mean diameter of PrV-⌬UL16F plaques reached only 35% of the corresponding PrV-Ka plaque diameters on RK13 cells. This defect was also compensated for on RK13-UL16 cells, indicating that the observed impairment was due to deletion of UL16 and not to other, unwanted mutations elsewhere in the genome.
In electron microscopic analyses, nucleocapsid assembly in the nucleus appeared unaffected and no major impairment of cytoplasmic virion maturation was observed, although minor effects on virion formation could not be excluded (data not shown). Immunofluorescence analysis was performed by confocal laser scanning microscopy using monospecific anti-UL16 or anti-UL21 serum and Alexa 488-conjugated secondary antibodies (green). Chromatin was counterstained with propidium iodide (red).
Tegument proteins UL16 and UL21 form a complex. In immunoprecipitations of PrV-Ka-infected cell lysates with the anti-UL16 serum, besides the 40-kDa UL16 protein, a 60-kDa protein which was not precipitated by the preimmune serum was consistently detected (Fig. 5) . No specific protein was precipitated by using lysates of PrV-⌬UL16F-infected cells (Fig. 5) . The size of the coprecipitated protein matched that of the UL21 protein (15) . By using an anti-UL21 serum, coprecipitation of an additional protein of ca. 40 kDa had been reported (15) but suggested to represent a processed form of UL21. To test whether the 40-kDa protein is the UL16 gene product, an antiserum was raised against the PrV-Ka UL21 protein. The specificity of the antiserum was verified by Western blot analysis of PrV-infected cell lysates ( Fig. 2A ) and purified virions (Fig. 2B) . The PrV-Ka UL21 gene product was detectable as an approximately 60-kDa protein in infected cells which was also present in purified virions. No specific reactivity was found on cell lysates of RK13 cells that were infected with the UL21 deletion mutant PrV-⌬UL21F, PrV-⌬UL16F/21K, or PrV-⌬UL16F/21K/11G (Fig. 2A) or were mock infected, or (Fig. 2B) . In indirect immunofluorescence analysis, UL21-specific staining was prominent in the cytoplasm in infected and transiently transfected cells (Fig. 3) . By using metabolically labeled lysates of PrV-Ka-, PrV-⌬UL16F-, and PrV-⌬UL21F-infected cells and the UL16-and UL21-specific antisera for immunoprecipitation, coprecipitation of the UL16 and UL21 proteins could clearly be shown (Fig. 5) . From lysates of PrV-Ka-infected cells, proteins of 40 and 60 kDa were coprecipitated by using either the UL16-or the UL21-specific antiserum. In contrast, only the 60-kDa UL21 protein was precipitated from lysates of PrV-⌬UL16F-infected cells by using the anti-UL21 serum ( Fig. 2A) . Conversely, only the 40-kDa UL16 protein was found in precipitates of PrV-⌬UL21-infected cell lysates incubated with the anti-UL16 serum. Control immunoprecipitations using anti-gH serum showed that similar amounts of labeled infected-cell proteins had been used. We note that coprecipitation of the UL16 and UL21 proteins was most prominent with the UL21-specific antiserum and less so with the anti-UL16 serum. Taken together, these results demonstrate that PrV proteins UL16 and UL21 form a physical complex.
Growth properties of PrV-⌬UL21F.
In earlier studies we have shown that UL21 is not essential for viral replication in cultured cells and that its deletion resulted in only marginally reduced titers but clearly decreased plaque sizes (26) . The mutant used for these studies contained a small deletion of coding sequences in the middle of the UL21 open reading frame and carried a lacZ expression cassette instead. Thus, we could not exclude the possibility that the N terminus of UL21 might still be expressed and provide some function. In contrast, a PrV UL21 mutant in which expression was blocked after codon 4 exhibited a strong defect and replicated only poorly in cell culture (15) . To clarify the role of UL21 in the replication of PrV, we isolated PrV-⌬UL21F, in which the complete open reading frame has been deleted by BAC mutagenesis. This method allows for engineering of the mutated virus in E. coli, thus minimizing the possibility of second-site mutations, and results in the generation of mutant viruses with only a minimum of foreign sequences inserted. PrV-⌬UL21F (Fig. 1) showed only a slight decrease in viral titers in one-step growth analysis on noncomplementing RK13 cells (Fig. 6A, left panel) but a more significant reduction in plaque size, which amounted to approximately 50% of the size of wild-type plaques on RK13 cells (Fig. 6B) . Both defects were compensated for on RK13-UL21 cells (Fig. 6A, right panel, and 6B) . In ultrathin sections, extracellular virions as well as L-particles were found in large amounts on the cell surface. Moreover, capsid maturation appeared unaffected, and all stages of virus maturation were detectable in the nucleus and in the cytoplasm (data not shown).
Although electron microscopy revealed no defect in capsid maturation in the absence of UL21, we aimed to verify earlier data (15) . Therefore, whole-cell DNA of infected RK13 cells was investigated for the presence of the terminal fragments BamHI-13 ( Fig. 7) and BamHI-14Ј (data not shown) (for locations of fragments, see Fig. 1 ). Hybridization with the radiolabeled cloned fragment BamHI-13 revealed signals corresponding to BamHI fragments 8Ј and 13, which share homologous sequences because both contain sequences from the inverted-repeat regions (see Fig. 1 ), as well as the junction fragment composed of BamHI-13 and -14Ј, which is derived from head-to-tail concatemeric or circular DNA. As is evident in Fig. 7 , all mutants tested, lacking either UL16, UL21, or UL11 singly or in different combinations specified the terminal fragment BamHI-13. Moreover, it was detectable in similar amounts, indicating uninhibited cleavage of concatemeric DNA into unit-length molecules. In cells infected with a PrV mutant unable to express functional UL28 protein, which is known to be necessary for cleavage and encapsidation (44) , no terminal fragments were detectable. Instead, a larger amount of the junction fragment was observed (Fig. 7B) . These results indicate that UL21 is not involved in capsid maturation or processing of viral DNA.
Growth properties of mutants PrV-⌬UL16F/21K, PrV-⌬UL16F/11G, and PrV-⌬UL16F/21K/11G. We demonstrated the formation of a physical complex between the UL16 and UL21 proteins of PrV (this study). In a recent paper, an interaction between the HSV-1 UL11 and UL16 proteins has been reported, and results suggested a similar interaction between the PrV homologs (37) . Thus, we aimed to study the functional role of the bi-or possibly tripartite complex by the isolation and analysis of mutant viruses simultaneously lacking UL16 and UL21, UL16 and UL11, or UL16, UL21, and UL11. Mutants lacking the corresponding proteins in the different combinations were characterized by Western blot analyses (Fig. 2) , one-step growth kinetics (Fig. 8A) , plaque size measurements (Fig. 8B) , and electron microscopy (Fig. 9) . Western blot analyses verified the absence of the respective proteins in mutant virus-infected cell lysates ( Fig. 2A) as well as in purified virion preparations (Fig. 2B) . Incorporation or expression of other virally encoded proteins seemed largely unaffected in the absence of either UL16, UL21, or UL11 (Fig. 2) . Interestingly, the deletion of UL16, UL21, or UL11 did not appreciably influence the packaging of the remaining components of the hypothetical tripartite complex, although it appeared that the UL11 single-deletion mutant might carry less UL16 and the UL16 mutant might carry less UL11. However, quantitation by Western blot analysis is difficult, and these data should be interpreted with care. Generally, the detection of the UL11 protein was more variable than that of the other proteins tested.
The double mutants PrV-⌬UL16F/21K and PrV-⌬UL16F/ 11G and the triple mutant PrV-⌬UL16F/21K/11G replicated on noncomplementing RK13 cells with kinetics similar to those of the UL16 and UL11 single-deletion mutants (Fig. 8A) and produced comparable plaque sizes (Fig. 8B) , indicating that none of the proteins alone or in the different combinations is required for productive replication in cultured cells.
In electron microscopic analyses, PrV-⌬UL16F/11G (Fig.  9A ) revealed a phenotype similar to that of PrV-⌬UL11 (33), with capsid aggregations in association with the tegument, sometimes juxtaposed to intracytoplasmic vesicles, as well as distorted membranes. Extracellular virions were found lining the cell surface. In the simultaneous absence of UL16 and UL21, capsid aggregations were found in the cytoplasm (Fig.  9B) , suggesting that UL16 and UL21 are involved, either directly or indirectly, in virion formation. In the simultaneous absence of UL11, UL16, and UL21, distorted membranes, intracytoplasmic vesicles, and capsids undergoing secondary envelopment were observed (Fig. 9C) . Extracellular virus particles were also present, indicating that virion morphogenesis proceeds in the absence of all three conserved tegument proteins.
DISCUSSION
The assembly of the mature herpesvirus particle, which consists of more than 30 different virus-encoded proteins, is a complex process. Whereas the molecular interactions resulting in capsid formation in the nucleus are known to some extent (59), nuclear egress, tegumentation, and envelopment of cytoplasmic nucleocapsids to form infectious mature enveloped (B) After transfer to a nylon membrane, the filter was hybridized with labeled terminal BamHI fragment 13. Hybridization reveals signals corresponding to fragments 8Ј and 13, which share homologous sequences because both originate from the inverted repeat regions (see Fig. 1 ), as well as the junction fragment composed of BamHI fragments 13 and 14Ј, which is derived from head-to-tail concatemeric or circular DNA.
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on October 23, 2017 by guest http://jvi.asm.org/ virus particles are still not understood well at the molecular level. Recent data indicate that tegumentation is not a random but a highly structured event following a complicated network of protein-protein interactions (reviewed in reference 43). Whereas several of the proteins involved are conserved throughout the herpesviruses, which may be indicative of important functions these proteins fulfill during the basic herpesvirus replication cycle, others are not.
In this study we concentrated on the conserved products of the UL11, UL16, and UL21 genes, which have been shown to be virion components in PrV (15, 33; this study), HSV-1 (2, 4, 45) , and HCMV (52, 58) , respectively. The salient findings can be summarized as follows: (i) the PrV UL16 protein has been identified as a 40-kDa virion protein which is not required for productive replication in cultured rabbit kidney cells; (ii) the PrV UL16 protein physically interacts with the 60-kDa PrV UL21 gene product; (iii) neither the UL21, the UL16, nor the UL11 protein either alone or in combination is required for productive viral replication; (iv) neither the UL16 nor the UL21 protein of PrV is relevant for nuclear processes of viral replication.
Genes homologous to the UL16 open reading frames of HSV-1 and PrV include varicella-zoster virus ORF44 (14) , HCMV UL94 (11) , and BGLF2 of Epstein-Barr virus (1). Here we identified the PrV UL16 protein as a 40-kDa virion component. The PrV UL16 DNA sequence has been published recently, and the calculated molecular mass of 35 kDa is in good agreement with the experimental data (27) . Although an N-glycosylation consensus sequence is present in the UL16 gene product, the PrV UL16 protein is not modified by Nglycosylation, as evidenced by the fact that its electrophoretic mobility was unchanged after treatment with PNGase F (data not shown). However, when isolated from purified virions, the protein migrates as one broad band, which may result from differential phosphorylation. Modification by phosphorylation has been shown for several herpesvirus tegument proteins (reviewed in reference 43). By indirect immunofluorescence analyses, the UL16 protein was found predominantly in the cytoplasm of infected cells, although we cannot exclude a minor nuclear localization. Computer analysis predicts a nuclear localization signal between aa 261 and 267. Further studies are under way to test whether this signal is functional. However, it is of interest that in transfected cells UL16 is found only in the cytoplasm, which argues against a nuclear localization function of the predicted signal.
Despite its conservation UL16 has been shown to be dispensable for replication of HSV-1 in cultured cells (3), but a role in capsid assembly and/or maturation has been suggested (45, 48) . In the absence of UL16, PrV replicated with only 10-fold-reduced virus titers. In contrast, plaque size was significantly decreased, amounting to only 35% that of wild-type PrV. This finding could be indicative of a role of PrV UL16 in direct cell-to-cell spread. No defect in the nuclear phase of viral replication was observed, and capsid egress from the nucleus to the cytoplasm appeared unaffected, arguing against a role of UL16 in intranuclear capsid maturation or primary envelopment of PrV.
Recently, the HSV-1 UL16 protein has been demonstrated to interact with the UL11 gene product (37) . These authors also showed that GST-tagged PrV UL11 protein interacted with the HSV-1 UL16 protein. In addition, a GST-tagged PrV UL11 protein pulled down a protein with a molecular mass of 36 kDa from PrV-infected cells, which most likely represents the PrV UL16 protein (37). Although we did not observe coprecipitation of the UL11 protein in our assays, a tripartite UL11-UL16-UL21 complex, though hypothetical to date, may nevertheless exist.
While we could not confirm a physical interaction between the PrV UL16 and UL11 proteins, the anti-UL16 serum reproducibly coprecipitated a 60-kDa protein which was identified as the product of the UL21 open reading frame. Like UL11 and UL16, UL21 homologs are found in all herpesvirus subfamilies. Previously, the PrV UL21 protein had been described as a capsid protein involved in DNA cleavage and packaging (15) . In the absence of UL21, formation of DNAdeprived capsids was observed in a cell type-dependent manner (57) . In contrast, a UL21 mutant virus we isolated earlier exhibited only a slight effect on replication in cell culture but was strongly attenuated in the natural host (26) . Since only a small part of the UL21 open reading frame was deleted in this mutant, we could not exclude the possibility that the N-terminal part of the protein was expressed and at least partially functional. Therefore, we constructed a novel mutant lacking the complete UL21 open reading frame as well as a doublemutant virus unable to express UL16 and UL21. Paralleling our earlier results, the UL21 deletion mutant grew to only slightly lower viral titers than wild-type PrV-Ka but formed small plaques, which were about half the size of PrV-Ka plaques on RK13 cells. Electron microscopy showed normal virus assembly: maturation of nucleocapsids was unaffected, and mature extracellular virus particles were present in abundance. We did not observe any defect in the cleavage of concatemeric DNA into unit-length DNA in the absence of UL21. The differences in replication between our mutants (this study) and those isolated by others (15) might be due either to the different virus strains or cell lines used or to the accidental disturbance of additional genes in the linker insertion mutants.
We noted in our immunoprecipitations that the anti-UL21 serum efficiently coprecipitated the UL16 protein, whereas the anti-UL16 serum coprecipitated only limited amounts of UL21 protein. Moreover, in the absence of UL21, precipitation of the UL16 protein by the UL16 antiserum was stronger than in the presence of this protein (see Fig. 5 ). It is conceivable that complex formation between the UL16 and UL21 proteins results in masking of antigenic epitopes on the UL16 protein, which consequently is less well recognized.
The UL16-UL21 double mutant replicated with properties similar to those of the UL16 single-deletion mutant. This finding is in line with the idea that the two proteins form a functional unit. Moreover, a mutant virus lacking all three conserved tegument proteins, UL16, UL21, and UL11, was comparable in its replication to the UL11 and UL16 single mutants, which were very similar in their growth properties. Although this would correlate with the notion of a functional tripartite complex, so far we were unable to show that it actually exists. It will be of interest to determine whether one of the proteins coprecipitated by the HSV-1 UL11 antiserum (37) will be identified as the UL21 protein product. The PrV and HSV-1 UL11 gene products are membrane associated, while the PrV and HSV-1 UL21 proteins appear to be located adjacent to the capsid (15, 54) . This could suggest that the hypothetical UL21-UL16-UL11 complex may connect the nucleocapsid and the envelope.
As already mentioned, ultrastructurally no strong defects in virus replication were detected in any of the mutant virusinfected cells, a finding that correlates with the only moderate impairment of one-step growth. However, in the simultaneous absence of UL16 and UL21, capsids were observed to form small clusters in the cytoplasm. The additional absence of the UL11 protein produced distortion of cytoplasmic membranes, as has been described before (33) . Thus, slight but specific defects in cytoplasmic virion formation are associated with absence of these proteins.
It is somewhat puzzling that the concomitant absence of three conserved tegument proteins results in only slight impairment of viral replication. However, the in vitro growth phenotype does not necessarily reflect the situation in the animal host. It has already been shown that a PrV UL21 mutant, despite exhibiting only slightly impaired replication in cell culture, is strongly attenuated in PrV's natural host, the pig (26) . Thus, animal experiments are under way to assess the roles of these proteins in vivo.
